Braided carbon fiber reinforced plastics (CFRPs) can be employed in the construction of pressurized vessels to increase performance and reduce overall weight. However, owing to the complex braiding structures resulting from the braiding process, an analysis of the elastic modulus is important as it affects the hoop stress on the pressure vessel. In this study, braided preformed CFRP constructed on a steel cylinder subjected to internal pressure was experimentally investigated using a simple approach that involved estimating the elastic modulus and hoop stress. Five types of braided preformed CFRP with different braiding angles and number of applied layers were analyzed.
Introduction
Thin cylindrical pressure vessels have a variety of applications in the industry. However, many thin-walled steel structures subjected to internal stresses fail because of hoop stress. Hoop stress on pressure vessels can be reduced by increasing the wall thickness, but this will increase the weight of the component. An alternative is to add composites such as braided carbon fiber reinforced plastic (CFRP) in the pressure vessel. Braided preformed CFRP is a high strength, lightweight composite that can resist the internal pressure at the contact between the cylinders. Several studies have experimentally analyzed the use of braided structures subjected to internal pressures. These studies focused mostly on the use of different fabric structures, the use of isotropic elastic methods for composites, and analysis of hoop stress and strain. the elastic modulus in the circumferential direction can be obtained [5] .
In many studies, hoop stress-strain curves are used to analyze hoop properties. However, when steel cylinders are combined with composite fiber material, hoop stress cannot be determined without knowing the elastic modulus of individual structural materials. The braiding process offers a simple manufacturing approach for many complex structures that may be very difficult to analyze theoretically within a short time. When the braided structure changes, the elastic modulus changes, and when CFRP is used in a pressure vessel subjected to internal pressure, the modulus also changes. Thus, an analysis of the elastic modulus is necessary to determine CFRP performance in terms of the internal pressure. This study aims to provide a simple method of analyzing the elastic modulus and hoop stress for a combination of thin steel cylinders and braided CFRP subjected to internal pressure. Five configurations of biaxial braided carbon T-700 were produced using a circular braiding machine. Then, a vacuum assisted resin transfer molding (VaRTM) system was used to mold the specimen. Pressure and strain data were obtained from hydraulic experiments and used to determine the elastic modulus of CFRP by applying simplified methods of combining thin cylinders so that the hoop stress of each cylinder can be calculated. Thereafter, discussions are presented on 1) the effect of braiding angles and number of layers on strain distributions, and 2) techniques for reducing hoop stress in the five types of braided CFRP used in steel cylinders.
Experimental Procedure

Test Specimen and Manufacturing
CFRP was added to the outside of thin steel tubes (SC400, E = 206 GPa with 2 mm wall thickness and 60 mm inner diameter). The CFRP used in this study was made of carbon fiber (Toray Industries, Five types of braided preforms were applied to the thin steel cylinders. In three types of the braided preforms, three layers were applied using different braiding angles (45°, 60°, and 75°), in one type of the braided preforms, two layers were applied at a braiding angle of 60°, and in one type of braided preforms, four layers were applied at a braiding angle of 60°. Table 1 Table 1 shows specimen was not measured or unmeasurable so that the number of specimens for N3-60 and N4-60 is two cylinders or has 16 strain gauges, which is considered sufficient for evaluating the elastic modulus of CFRP.
Braiding angle variations were controlled by changing the revolution speed of the bobbin or the drawing speed of the mandrel according to the diameter of the steel cylinder. Layers were added by repeating the process used in creating the first layer while increasing the diameter with added CFRP.
After the braiding process, the VaRTM system was used for composite molding. The procedures for the VaRTM fabrication process include mold preparation and fabric lay-up, mold sealing and vacuuming, resin preparation at 30°C and impregnation, and keeping samples at 60°C for 3 hours. Table 2 presents a summary of the construction details of the test specimens; it indicates that the fiber volume fraction increases as the braiding angle or the number of layers increases. Figure 2 shows the hydraulic pressure test system. The schematic of the entire test equipment is shown in Fig. 2 (a). Figure 2 (b) shows a photograph of the output strain data, and the internal pressure was simultaneously recorded using a camera. The specimen (length = to a hydraulic pump oil hose outlet as indicated in Fig. 2 
Pressurized Oil Test Method
(c).
During the experiment, the pressure applied by the hydraulic pump was measured using a mechanical pressure gauge. The strain values were separately recorded by the data logger and displayed using wave logger software. In addition to the data logger, we also used a camera to record the internal pressure changes in the pressure gauges and strain data from the data logger on a personal computer simultaneously.
Strain gauges were placed along the centers and edges of the specimens to measure the distribution of the strains. After the strain gauges were connected to the computer and calibrated, oil was injected into the empty test specimens using a hydraulic pump (Hanmi Hydraulic Co., Ltd., Model: HML -1700N) to increase the pressure inside the pipe. The experiment continued until a large fluctuation in the strain value or visible failure of the test specimen was observed. Two seals were placed at each end of the inner wall of the test cylinder and jig. Because the viscosity of oil is greater than that of air, air will be pushed out and escape through the seals as the cylinders are filled. To accommodate increases in pressure during the experiment, the seals serve as safety valves, which are sacrificially damaged at high pressures to prevent explosive releases of oil or damage to the jigs and hydraulic pumps. Therefore, the radial stress may be neglected, and the pressure vessel is assumed to be a thin pressure vessel [6] . As shown in Fig.   3 , the outer layer (CFRP) has an elastic modulus E 1 and thickness t 1 , whereas the inner layer (steel) has an elastic modulus E 2 and thickness t 2 . If the contact pressure P m is defined as an indeterminate constant force, the outer cylinder has an internal pressure P m and the inner ring receives an internal pressure P-P m . Because these are thin rings subjected to internal pressure and D is the diameter of the ring for the displacement conditions (assuming the increase in both diameters is the same, δD 1 = δD 2 ), the elastic modulus and the hoop stress can be calculated as:
⇒
︵1︶
Substituting P m , the hoop stress of CFRP σ 1 is given as:
︵2︶
The hoop stress of steel σ 2 is given as:
Rearranging equation (2) to solve the modulus CFRP (E 1 ) gives:
︵4︶
where:
Elastic modulus of CFRP (GPa). Data from the eight strain gauges in the hoop direction of the specimen and pressure were plotted in a pressure-strain curve to determine the gradient at linear region of the curve. The average modulus of CFRP was evaluated from the eight pressure-strain curves for each specimen (some specimens have less than eight curves). The two strain gauges in the axial direction were not used for thin cylindrical calculations. E 2 is the elastic modulus of steel SC400, and the theoretical steel modulus is 206 GPa, which agrees with the average elastic modulus of steel when calculated using the hoop stress-strain curve obtained from experimental data.
The elastic modulus of CFRP (E 1 ) was calculated using simplified methods of combining thin cylinders. First, the pressure-strain (P-ε 1 )
curve was plotted using the pressure P and strain ε 1 values obtained from experiment using CFRP-steel specimens. Using this curve, the gradient of the pressure P and strain ε 1 at the linear region of the curve can be obtained.
Second, by using the other specimen (steel), a hoop stress-strain (σ 2 -ε 2 ) curve for steel (without CFRP) was plotted using the hoop stress σ 2 and strain values ε 2 of steel (SS t2). Using this curve, the gradient of the curve for steel (E 2 ) can be obtained. The hoop stress σ 2 was calculated using the internal pressure data of steel (P s ).
Finally, the elastic modulus value of CFRP (E 1 ) was calculated using equation (4) . The verification of this result can be carried out graphically by finding the residue of the internal pressure of CFRP-steel and steel without CFRP at the same strain condition to determine the value of the contact pressure (P m ). Then, the elastic modulus of CFRP can be obtained from the gradient of the hoop stress-strain curve.
Results and Discussion
3.1 Effect of the braiding structure on the distribution of strains and the elastic modulus of CFRP Figure 4 shows the relationship between the applied internal pressure and the average strain. The strain value variation in the specimen due to high internal pressure produces the different gradients on the pressure-strain curve obtained from the strain gauges on the specimen. As a result, the specimens exhibit different elastic modulus. Other studies have also reported that composites have a highly sensitive mechanical response to the distinct variations that affect the distribution of strains [7] ; they found that increased pressure causes micro mechanism failures in multiple regions, and that the damage sequences do not necessarily occur at the same time [8, 9] .
As the braiding angle increases, the thickness of the CFRP increases and the direction of the fibers becomes closer to the hoop stress direction; On the other hand, the fiber volume fraction increases when the braiding angle is large, so that many fibers can distribute the load [1] . Figure 5 shows the test specimens after being subjected to internal pressure. As shown in Fig. 5(b) , the braiding angle was measured from the long axis of the tube. angles (e.g., ~ 45°), larger deformations of the specimen occur than at high braiding angles (e.g., ~ 60° and 75°). This increases the difference between the strain value and the elastic modulus when the specimen is braided with CFRP at 45°; owing to the lower braiding angle, the CFRP has a small thickness and the fiber is not close to the hoop stress direction. In contrast, at a higher braiding angle (e.g., ~ 75°), in which the thickness of the CFRP increases and the fiber closely follows the hoop direction, the specimen tends to be stable and able to resist the internal pressure; in other words, the CFRP has greater capability to withstand the internal pressure.
Therefore, the elastic modulus deviation decreases as the braiding angle increases. The relationship between the elastic modulus of the specimens and the variation of the braiding angle is illustrated in Fig. 6(a) . Calculation results show that specimens braided at 75°
had the highest elastic modulus value, followed by those braided at 60° and at 45°.
In terms of the difference in the number of layers for the 60°
angle braided specimens, as the thickness and fiber volume fraction of the specimen increase, it is expected that, the elastic modulus value increases as the number of layers increases [10] . The fractures of the test specimens after the hydraulic pressure test are shown in is increased from two layers to three and four layers. The highest elastic modulus value occurred at four layers, followed by that for three layers and two layers.
Effects of adding CFRP on the hoop stress of steel cylinder/braided CFRP combinations
From the elastic modulus results, it can be observed that the modulus of CFRP is lower than that of steel; however, as shown in Fig. 4 , when CFRP is added to a steel cylinder, the strain distribution changes and the hoop stress value is affected. It is known that increasing the braiding angle and the number of layers result in increase in the average elastic modulus of CFRP owing to the cylinder combination, the hoop stress value decreases.
A summary of the relation between the hoop stress and specimens when the internal pressure is 20 MPa in the elastic region is presented in Fig.7 and Table 3 . When the elastic modulus of CFRP (E 1 ) and steel (E 2 ) are known, the hoop stress of CFRP can be determined using equation (2) . While, the hoop stress of SS t2 is determined using equation (3).
The hoop stress on the thin cylinder with CFRP is smaller than that of the single steel cylinders. The addition of CFRP can provide effective pressure contact to withstand internal load from inside the pipe. In the high CFRP elastic modulus, it can be observed that the hoop stress received by the CFRP cylinder is larger, while the hoop stress received by the steel is smaller.
It can be concluded that increasing the braiding angle from 45° to 60° and then to 75° increases the ability of the cylinder to withstand hoop strains at each pressure increase. On the other hand, increasing the number of layers from two to three and four also reduces the hoop stress on a cylinder under internal pressure.
Conclusions
This study analyzed the elastic modulus and hoop stress on combinations of steel cylinders and CFRP subjected to internal pressure. Differences in CFRP braiding patterns caused the strain on the steel cylinder/CFRP combinations to vary significantly, and affected the deviation of the elastic modulus value. When the direction of the fibers was closer to the hoop stress direction, the ability of the specimen to withstand high internal pressure increased because it has a small strain difference and a high elastic modulus in the hoop direction, and consequently, it can withstand large local deformations. The same phenomenon also occurred when CFRP layers were added. The internal pressure test results indicated that the elastic modulus can be estimated using a simplified method based on a thin cylindrical formula. Results also show that increasing the braiding angle and the number of layers can increase the average elastic modulus of CFRP. It was also found that the addition of CFRP on cylindrical steel can decrease the value of the hoop stress. The largest decrease in the hoop stress occurred at a braiding angle of 75°, and among the different layer combinations, the minimum hoop stress value occurred with four layers of CFRP.
